The Rab/Ypt/Sec4 family forms the largest branch of the Ras superfamily of GTPases, acting as essential regulators of vesicular transport pathways. We used the large amount of information in the databases to analyse the mammalian Rab family. We de®ned Rab-conserved sequences that we designate Rab family (RabF) motifs using the conserved PM and G motifs as`l andmarks''. The Rab-speci®c regions were used to identify new Rab proteins in the databases and suggest rules for nomenclature. Surprisingly, we ®nd that RabF regions cluster in and around switch I and switch II regions, i.e. the regions that change conformation upon GDP or GTP binding. This ®nding suggests that speci®city of Rab-effector interaction cannot be conferred solely through the switch regions as is usually inferred. Instead, we propose a model whereby an effector binds to RabF (switch) regions to discriminate between nucleotide-bound states and simultaneously to other regions that confer speci®city to the interaction, possibly Rab subfamily (RabSF) speci®c regions that we also de®ne here. We discuss structural and functional data that support this model and its general applicability to the Ras superfamily of proteins.
Introduction
The Ras superfamily of GTPases encompasses a large group of proteins that bind GTP and GDP and serve as molecular switches to regulate important cellular processes such as growth, motility and protein traf®cking (Barbacid, 1987; Bourne et al., 1990 Bourne et al., , 1991 . General guidelines for nomenclature on Ras-like GTPases were set in 1992, following a FASEB Summer Conference (Kahn et al., 1992) . The proposal that there are ®ve different families within the superfamily (Ras, Rho/Rac, Rab, Arf, Ran) is now widely accepted.
The largest branch of this superfamily is formed by the Rab/Ypt/Sec4 family, proteins that act as essential regulators of vesicular transport pathways (Lazar et al., 1997; Novick & Zerial, 1997; Olkkonen & Stenmark, 1997; Schimmoller et al., 1998; Chavrier & Goud, 1999; Brennwald, 2000; Rodman & Wandinger-Ness, 2000) . Rabs have been traditionally numbered in order of discovery, Rab1, Rab2, Rab3, through to Rab37 at present. The number of Rab-like sequences has been growing steadily over the last decade and we noted that a signi®cant number of Rabs have been deposited in the databases under different names. The problem is that there is no comprehensive de®nition of what distinguishes a Rab from other small GTPases. Simple criteria such as the presence of a double-cysteine prenylation motif at the C terminus is insuf®cient, as some bona ®de Rabs such as Rab8 or Rab13 contain only a single cysteine residue (Casey & Seabra, 1996) .
Here, we attempt to identify mammalian Rabspeci®c regions that serve as diagnostic Rab sequences in order to de®ne a Rab protein on the basis of its primary structure. We found ®ve Rabspeci®c regions that we termed Rab family (RabF) motifs. Using the RabF motifs, we were able to identify new Rabs from the databases as well as ®nd all the known Rabs, thus validating these motifs. We also analysed Rab subfamily sequence motifs (RabSF) and propose a new nomenclature for the family. These new ®ndings suggest general mechanisms by which Rabs and possibly other families of Ras-like GTPases are able to bind such a myriad of regulators and effectors.
Results

Rab-specific sequences (RabF1 to RabF5)
Many previous studies have highlighted conserved regions in all members of the Ras superfamily that are involved in guanine and phosphate/ Mg 2 binding (Barbacid, 1987; Bourne et al., 1990 Bourne et al., , 1991 . These have been referred to as G for guanine (G1-G3) and PM for phosphate/Mg 2 (PM1-PM3) (Valencia et al., 1991) . We ®rst analysed these sequences. As predicted, we found that these GTPbinding regions are not useful to distinguish Rabs because they are extremely conserved between all Ras-like proteins. Also, the variations are not typical of one family. For example, the Rab9 PM1 motif GDGGVGKT is much closer to Rho protein PM1 sequences than Rab. This principle applies to the other PM/G motifs.
Rabs have been shown to be substrates for prenylation by the enzyme Rab geranylgeranyl transferase (Seabra et al., 1992) . They present prenylation motifs distinct from the motifs found in Ras and Rho, substrates for the CAAX prenyltransferases, protein farnesyl transferase or protein geranylgeranyl transferase-I (Casey & Seabra, 1996) . The Rab prenylation motifs consist of two C-terminal cysteine residues, found in one of the following combinations: XXXCC, XXCCX, XCCXX, CCXXX or XXCXC. The presence of the double-cysteine motif in the C terminus is in general a very good diagnostic of a Rab protein. However, some Rabs present a CXXX box, where only one cysteine residue is available for prenylation. Therefore, the double-cysteine prenylation motif may con®rm that a given small GTPase is a Rab but its absence should not be used to prove otherwise.
To address the existence of Rab-speci®c sequences, we ®rst aligned all the known mammalian Rabs using the ClustalW 1.80 algorithm. The alignment of the complete mammalian Rab family (gap opening and extension penalties, respectively, 10.00 and 0.20) can be found at http://www.med. ic.ac.uk/db/dbbm/rab family.html.
Based on this alignment we followed two complementary approaches to describe a``model Rab'' sequence. The ®rst approach consisted in manually plotting the frequency of the most abundant amino acid for any given position in the alignment (Figure 1) . We observed the existence of regions of high amino acid identity, some corresponding to the conserved GTP-binding motifs, and some cor- responding to other regions. In order to identify the Rab-speci®c regions, we de®ned variable length windows around the most promising areas, calculated the average amino acid identity for all the windows and compared it with the identity calculated, for the same window, for the entire Ras superfamily. We found ®ve regions that appeared to be Rab speci®c (Figure 1, red squares) .
The second approach was based on pro®le hidden Markov models (HMM) (Eddy, 1996) . A statistical model of each family consensus was calculated using the software package HMMER 2.0. The aligned model sequences revealed positions conserved throughout the superfamily as well as candidate family-speci®c regions. Figure 2 summarises the results of the two strategies. The uppercase/lowercase code represents the results of the pro®le HMM, in which uppercase amino acids were found at p > 0.5. This analysis con®rmed the existence of ®ve conserved short stretches of residues that seem to be diagnostic for the Rab family that we numbered RabF1 to RabF5 (Figure 2 ). The RabF motifs include mostly Rab-speci®c positions but in some cases residues that are also highly conserved in other small GTPase families. These residues are also helpful in that they help rule out speci®c families, for example the G residue in RabF1 helps rule out Ras and Rho.
RabF1 localises to the so-called effector domain (loop 2 -b2), in the putative switch I region. The prototypical sequence is IGVDF (Figure 2 ). Olkkonen & Stenmark (1997) suggested that this region was Rab speci®c, but by itself this sequence is not large or speci®c enough to serve as the sole criterion to identify a Rab protein. The G position is almost absolutely conserved in Rabs, Arfs and Ran, and represents an insertion relatively to Ras and Rho proteins. The solution structure of Rab3a-GTP revealed that this residue plays an essential role in forcing the main-chain in the putative switch I region to bulge in the direction of the helix a2, promoting a closer interaction with the putative switch II region. This results in a more rigid conformation in the putative switch regions, apparently characteristic of the Rab family (Dumas et al., 1999) . While we have been referring tò`s witch'' regions in Rabs, it is important to note that there is only one known crystal structure form of Rab to date. In the absence of a Rab-GDP structure, we have no information on the conformational changes between the two nucleotide-bound con®gurations in Rabs. Whilst it is almost certain that Rab switch regions exist, their precise boundaries as compared to those well de®ned in Ras are dif®cult to predict at present (Pai et al., 1989; Tong Figure 2. Alignment of pro®le HMM model sequences (manually adjusted to accommodate structural considerations). The uppercase/lower case coding represents the results of the pro®le HMM method, in which uppercase characters were found at p > 0.5. Residues found to be Rab speci®c are highlighted in red. When a position is conserved in other families, the corresponding position is also highlighted in red. Green characters denote the conserved nucleotide binding (PM/G) motifs.
et al., 1991), and hence it is more prudent to refer to``putative'' switch regions.
All the other RabF regions cluster in and around the putative switch II region. The RabF2 prototypical sequence is KLQIW (b3) (Figure 2 ). The W position is not Rab speci®c, as it is conserved in all small GTPases except Ras. The RabF3 prototypical sequence is RFrsiT (loop 4) ( Figure 2 ). In the Rab3a crystal structure, the hydrophobic residues in this motif and the adjacent hydrophobic T residue (corresponding to a2) reinforce the effect of the bulge in b2, contributing to the higher level of rigidity of the switch I/switch II interface (Dumas et al., 1999) . The RabF4 prototypical sequence YYRGA (a2-loop 5) is almost adjacent to RabF3 ( Figure 2 ) followed closely by the RabF5 motif, LVYDIT (b4-loop 6). Therefore, RabF2 to RabF5 cluster between sheets b3 and b4 in a region that includes the putative switch II region.
New Rabs
Based on the criteria described, we found 52 sequences in Genbank that we consider Rabs. The submissions have been numbered in order of discovery, starting with Rab1a through Rab40. The gaps in the numbering are Rab16, which is Rab3d, and Rab31, which is Rab22b.
The newly identi®ed Rabs are shown in Figure 3 . Two``old'' entries, called Rah (accession AAC83182) and Ray (accession AAD25874) are clearly Rabs. Both possess all the RabF motifs, either with the prototypical sequence or in variations that are recognisable as Rab speci®c, possess the unique double-cysteine prenylation motif and have overall average identities to other Rabs of 23.9 % and 36.3 %, respectively. We propose that they should be renamed Rab34 (rah) and Rab35 (ray) and on our recommendation, the latter has already been renamed Rab35.
Our analysis suggests that a recent entry called Rab36 is indeed a Rab despite being peculiar. Rab36 presents a 125-residue long N-terminal extension (counted from the conserved K residue on position 13 in hRab1a) (Mori et al., 1999 Two``Rab-related'' sequences are found in the databases, with accession numbers X99962 (Stankovic et al., 1997) and AAA42000. The ®rst protein we propose to be renamed Rab39. Its closest mammalian relative is hRab2 which is 41 % identical. We propose to rename Rab39 the Rablike sequence with accession number AAA42000.
Several proteins have been named``Rab-like''. The human protein Rab7L1 (accession number NP 03920) (Shimizu et al., 1997) is 94 % identical with the protein Rab29 from rat, suggesting that Rab7L1 is the human ortholog of rat Rab29 and should be renamed accordingly. The proteins with Figure 3 . Alignment of RabF regions for novel and selected Rab proteins, and the corresponding regions in other representative small GTPases. Conserved residues are highlighted in red. The prototypical sequence for each of the RabF motifs is indicated on the top of the alignment, in italics. An asterisk indicates that the position is frequently occupied by a conservative substitution and the second most common occurrence is also highlighted in the alignment.
accession numbers NP 09012 and NP 09013 (RabL2B and RabL2A) (Wong et al., 1999) do not present any prenylatable cysteine residues in the C terminus, have low overall identity to the rest of the family (average identity 21 % and 23 %, respectively) and have sequences that do not conform to the RabF motifs described above. They are clearly not Rab proteins but they are also not obvious members of another family. It is possible that RabL2 may represent a new family of small GTPases.
Using É-BLAST of different Rabs, and searching the databases using combinations of the RabF motifs described above, we found two more mammalian sequences that we consider Rabs. The two related proteins CAB09136 and AAA17031 (originally called Rar) are more related to Rabs (27.5 % average identity to the Rab family) than to any other small GTPase family. Both possess recognisable RabF motifs and none of the sequences present structural motifs that suggest they belong to any of the other small GTPase families. We propose that they should be renamed Rab40a and Rab40b, due to their high degree of identity to each other. Both proteins present unusual substitutions at the conserved PM2 position. This residue, typically a threonine is replaced by proline or alanine. The role of the threonine residue has been extensively studied and shown to be involved in coordination of the Mg 2 and in stabilisation of the g-phosphate (Valencia et al., 1991) . Its absence in the Rab40 subfamily may imply that these proteins do not cycle between two conformations, but are permanently locked in an inactive state. A precedent for a Rab that appears not to cycle ef®ciently between two conformations was set by Rab24. Rab24 appears to be locked in the GTP bound conformation due to variations in two PM/G motifs (Erdman et al., 2000) .
Rabs subfamilies and subfamily-specific sequences (RabSF)
Phylogenetic analysis of the complete mammalian Rab family using the neighbour joining algorithm (disregarding the gaps in the alignment caused by some Rabs having speci®c``insert regions''), revealed several clusters of``related'' Rabs (Figure 4 ). Within these clusters there are Rabs that show unusually high homology and are termed isoforms, de®ning Rab subfamilies. The problem is where to draw the line between isoforms (named Rab1a and Rab1b, for example) and simply``related'' Rabs. Since isoforms are believed to be functionally related and are thought to interact with the same type of effectors (Lazar et al., 1997; Novick & Zerial, 1997; Olkkonen & Stenmark, 1997; Schimmoller et al., 1998; Chavrier & Goud, 1999; Brennwald, 2000; Rodman & Wandinger-Ness, 2000) , it is plausible that this functional conservation re¯ects conservation in speci®c regions, as opposed to complete sequence conservation. If such regions exist they are the best criteria to decide if two or more Rabs are isoforms.
Moore and co-workers (Moore et al., 1995) observed that there was high-level amino acid conservation within subfamilies in three regions designated here RabSF2, RabSF3 and RabSF4 and corresponding to a1/loop2, a3/loop7 and a5, respectively (Figure 2) . We veri®ed the corresponding regions in all our mammalian Rab sequences and in general we con®rmed that these regions show higher identity within the sub-families than the overall sequence (Table 1) . This is particularly remarkable with RabSF4, which is located in the so-called hypervariable domain, a region characterised by its sequence divergence: the average identity of this region among Rabs is 14.4 % while subfamilies show an average of 58.4 %.
Recently, the 3D structure of Rab3a in complex with its effector Rabphilin-3A revealed that three regions in Rab3a contribute to form a``pocket'' that mediates binding to this and possibly other effectors (Ostermeier & Brunger, 1999) . These three regions were named RabCDRs (Rab complementary-determining region) and we refer to them as RabCDRI to RabCDRIII, counting from the N terminus of the protein. Interestingly, these regions correspond to subfamily-speci®c sequences: RabC-DRII and RabCDRIII correspond to RabSF3 and RabSF4. RabCDRI includes the N-terminal sequence upstream of PM1 (YXYLFK) previously proposed to be diagnostic of the Rab family (Sanford et al., 1995) . However, the overall identity within the region is only 34 % and one residue (K13 in hRab1a) is highly conserved throughout the superfamily. We propose instead that this sequence is a good indicator of a Rab subfamily and termed it RabSF1 (Figure 2 ). We mapped both the RabF and RabSF regions into the crystal structure of Rab3a ( Figure 5 ). We observed that Rabs present two subfamily-speci®c surfaces: RabSF1, RabSF3 and RabSF4 form a surface that mediates speci®c interactions between Rab3a and Rabphilin (Ostermeier & Brunger, 1999) . Almost on the opposite side of this surface RabSF2 forms a second subfamily-speci®c surface near or within the switch I region that could mediate interaction with other effectors. The existence of these two distinct subfamily-speci®c surfaces suggests that different effectors will bind different RabSF regions. Taken together, this analysis is consistent with the hypothesis that isoforms will interact with the same type of effectors/auxiliary molecules via subfamily speci®c regions.
Criteria in addition to sequence homology at the RabSF regions need to be taken into consideration when de®ning a Rab subfamily. These include speci®c variants of PM, G or RabF motifs and small characteristic diversions from the consensus. For example, only Rab27 isoforms present the RabF4 variant FFRDA and have a ten-residue insertion in loop3, supporting the de®nition of the Rab27 subfamily. These new criteria allowed the de®nition of one more subfamily, Rab40a and Rab40b (Table 1 ). The overall sequence identity is 88 %. Both sequences present a high identity within all the RabSF regions as well as all the PM/G and RabF motifs, and both present a long C-terminal insertion.
A number of related Rabs present a problem for classi®cation, in that they are clearly related but should they be considered isoforms? These related Rabs include Rab4a/b and Rab14, Rab8a/b and Rab10, Rab11a/b and Rab25, Rab32 and Rab39, Rab33a and Rab33b (Figure 4) . Considering that in all cases the overall identity is lower than 70 % and that there is no consistent conservation in more than two out of the four RabSF motifs, we suggest that they should not be considered isoforms (Table 1) .
Discussion
Here, we identi®ed ®ve Rab-speci®c motifs, named RabF1 to RabF5, that in conjunction with the conserved PM/G motifs and a double-cysteine C-terminal prenylation motif allow the de®nition of a Rab GTPase. As of June 2000, we found 52 sequences in the database that ®t our criteria. Unfortunately, it is impossible to use the information in the EST database to predict whether this number is close to the real number of genes in a mammalian genome as only full-length (or near full-length) sequences are useful in this regard.
Despite this problem, it is clear that the mammalian Rab family is much larger than the 11-member orthologous gene family in Saccharomyces cerevisiae (Garcia-Ranea & Valencia, 1998; Lazar et al., 1997) , possibly re¯ecting the higher intracellular specialisation of mammalian cells. In order to classify a Rab as an isoform, we propose that the sequences must be at least 70 % identical and this value should be supported by conservation at the RabSF and RabF motifs as well as unique characteristics. Currently, we recognise ten Rab subfamilies (Rab1, 3, 4, 5, 6, 8, 11, 22, 27 and 40) .
When we mapped these regions into the crystal structure of Rab3a, we noted surprisingly that all RabF motifs localise in and around the switch I and switch II regions. The switch regions change conformation signi®cantly upon GTP binding and hydrolysis and therefore mediate interaction with effectors and regulators. If the switch regions are conserved among all Rabs, how are Rabs able to bind speci®c effectors and regulators, given that these proteins must discriminate between the two nucleotide-bound states of Rabs?
One possibility is that effectors and regulators will bind both RabF regions to discriminate between active/inactive conformations and RabSF regions for speci®city. The existence of two distinct Mammalian Rab Family subfamily-speci®c surfaces further suggests that different effectors/regulators bind to different combinations of RabSF regions. Different lines of evidence support this model. First and foremost, the recent solution structure of the Rab3a-Rabphilin complex (Ostermeier & Brunger, 1999) revealed that the binding surface of this complex involves both switch regions and a Rab subfamily-speci®c surface composed by the regions we de®ned herein as RabSF1, RabSF3 and RabSF4. Second, both switch regions and the region corresponding to helix a3/loop 7 (RabSF3) have been shown by sitedirected mutagenesis to be involved in interaction with regulators such as GEFs and GAPs (Becker et al., 1991; Burstein et al., 1992; Brondyk et al., 1993; Day et al., 1998; McKiernan et al., 1993) . Third, helix 3/loop 7 (RabSF3), the effector domain (RabF1) and the hypervariable domain (including RabSF4) are key regions in determining both localisation and function of ypt1/sec4 chimeras (Brennwald & Novick, 1993; Dunn et al., 1993) , Rab2/Rab5/Rab7 chimeras (Chavrier et al., 1991) and Rab5/Rab6 chimeras (Stenmark et al., 1994) . Fourth, the N terminus (RabSF1) and helix 2/loop5 (RabF4) have also been shown to be essential in producing functional Rab5/Rab6 chimeras (Stenmark et al., 1994) .
Another prediction of this model is that the binding of general regulators such as Rab escort protein (REP) and Rab GDP dissociation inhibitor (RabGDI) is nucleotide sensitive and occurs via the newly identi®ed RabF regions. There is some evidence to support this hypothesis (Beranger et al., 1994; Burstein et al., 1992; Overmeyer et al., 1998; Wilson & Maltese, 1993; Wilson et al., 1996) . It is also likely that binding of general regulators and speci®c regulators/effectors is mutually exclusive, since both are able to sense the two alternative nucleotide-bound conformations and thus must interact with the switch regions.
We questioned if this could be a general model that applies to other Ras-like GTPases. The answer is generally yes, but not in all cases. The most notorious exception is with Ras proteins. In Ras, the switch regions are also quite conserved (Figure 2 ) but they appear to be the only contact point in some interactions such as with RalGDS (Vetter et al., 1999c) and the Ras binding domain of Raf1 (Nassar et al., 1995) . The strategy to determine speci®city seems to be that distinct Ras effectors bind different subsets of residues within the switch regions. This is particularly well characterised for the switch I region (also called effector loop) (White et al., 1995) . In other cases, helix a3 (corresponding roughly to RabSF3) is also involved in de®ning the binding surface, as with the exchange factor SOS (Boriack-Sjodin et al., 1998) and p120GAP (Scheffzek et al., 1997) . Similar conclusions may be drawn from the limited data available for the Arf family, where interaction with effectors and regulators appear in most cases to be restricted to the switch regions and helix a3 (Beraud-Dufour et al., 1998; Goldberg, 1998 Goldberg, , 1999 Mossessova et al., 1998) .
The picture is more complex in the Rho family, probably because of the existence of a staggering number of Rho regulators/effectors. The switch regions are involved in binding regulators/effectors in every case we found, but other regions have been shown to be involved. RhoA and Cdc42 use switch I and/or switch II in combination with helix a5 (reminiscent of RabSF4) to bind the effector domain of PKN/PRK1 (Maesaki et al., 1999) , Wiskott-Aldrich syndrome protein (WASP) (Abdul-Manan et al., 1999) and ACK (Mott et al., 1999) . On the other hand, the binding of Cdc42 to Cdc42GAP appears to involve mainly residues in the switch regions (Nassar et al., 1998) . As in Ras, different residues in the switch regions appear to confer speci®city to the interaction in some cases. Examples for this type of interaction are RhoA/ Cdc42 to Lbc/Cdc24 (Li & Zheng, 1997) and RhoA/Cdc42 to PLD (Bae et al., 1998) . In other cases, it seems that the interaction requires both the switch regions (possibly RhoF regions) and other regions (possibly RhoSF regions) such as helix a3 (Zhong et al., 1999) , helix a5 (Abdul- Manan et al., 1999; Maesaki et al., 1999; Mott et al., 1999) , and the speci®c Rho insert region (Freeman et al., 1996) .
As for Ran, structural and biochemical data also implicate the switch regions and the helix a3 in binding effectors, such as binding to RCC1 and NTF2 (Azuma et al., 1999; Stewart et al., 1998) but other regions also contribute to binding, such as the a4/b6/a5 region with Importin b (Vetter et al., 1999a) and the C-terminal helix a6 with RanBD1 (Vetter et al., 1999b) .
Overall, the available data suggest the interesting possibility that primitive interactions between Ras-like GTPases and effectors/regulators depended upon the switch regions. As the range and complexity of cellular mechanisms controlled by these GTPases grew, so did the interaction surfaces between them and the increasing number of speci®c effectors/regulators. The future analysis of the Ras, Rho and Arf families as presented here for the Rab family may help clarify this hypothesis.
Materials and Methods
We selected a mammalian representative of each Rab sequence from the databases. Where more than one sequence was available, we chose the following arbitrary priority of species: human, rat, mouse, canine, bovine and rabbit. We performed alignments of the sequences retrieved from Genbank using the CLUSTAL W 1.80 algorithm (Thompson et al., 1994) and the multiple sequence alignment with hierarchical clustering algorithm (Corpet, 1988) (the complete sequence alignment data can be viewed at http://www.med.ic.ac.uk/db/ dbbm/rab family.html). The software package HMMER 2.0 (available at http://hmmer.wustl.edu/) was used to calculate pro®le HMM and generate model sequences for each family. The alignment of model sequences was manually adjusted to accommodate structural considerations.
The search for new mammalian Rab sequences was performed by É-BLAST (Altschul et al., 1997) of known Rab sequences, or by searching the databases with combinations of the Rab family-speci®c motifs (RabF) de®ned in this work, using the PatternFind Server at http://www.isrec.isb-sib.ch/software/ PATFND form.html
The ®nal alignments were used to calculate phylogenetic trees using the neighbour-joining method excluding positions with gaps. Bootstraping (Felsenstein, 1985) involved 1000 trials. Trees were calculated using the program CLUSTALX 1.80 (Thompson et al., 1997) and plotted using the program Njplot (Perriere & Gouy, 1996) . PDB ®les were retrieved from the Protein Data Bank and the mapping of the different regions identi®ed in this work done using the Swiss-PDBviewer v3.51 program available on http://www.expasy.ch/spdbv/mainpage.htm (Guex & Peitsch, 1996) .
